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Abstract
This study presents the investigation of elastic coating performance responses
on elastic-plastic substrate of advanced alloys using Finite Element (FE)
method with an explicit numerical algorithm under quasi-static condition.
Cylinder-on-flat contact configuration subjected to a normal and tangential
loading is examined. Two aeroengine materials, namely Ti-6Al-4V and Super
CMV (Cr-Mo-V) alloys are employed. Coating mechanical properties which are
applied load (500 N − 1000 N), sliding displacement amplitude
(0.005 mm − 0.12 mm), friction coefficient (0.3 − 0.9), coating elastic modulus
(100 GPa − 400 GPa) and coating thickness (0.01 mm − 0.1 mm) are
investigated. The effect of coating parameters on stress-strain distributions
along with plastic deformation of the coated substrate are evaluated. The FE
model is validated by comparing with theoretical Hertzian contact solution for
homogeneous substrate, meanwhile coated substrate is validated by comparing
with reported literature. The evolutions of contact pressure, von Mises stress,
equivalent plastic strain, tangential stress and surface profile are examined for
various coating parameters. There is a clear increasing trend of development in
stress-strain distributions along with plastic deformation, maximum pile-up and
depth-in values with the increase in all coating parameters for both coated
substrates (except for coating thickness effect on Super CMV material, where
the contradict trend is noted). Friction coefficient acts as the significant coating
parameter that leads to plastic deformation failure of coated substrate. The
relatively higher stiffness and yield strength of the coated Super CMV alloy
registered limited plastic deformation compared to the coated Ti-6Al-4V alloy.
The coated substrate plastic deformation mathematical expressions are
formulated according to the Lagrange multivariate interpolation which can be
used as an alternative method for FE approach. The weighted scoring method
is practised in coating selection approach based on plastic deformation failure of
coated substrate. The verified coating selection tool can contribute to
knowledge in suitable material selection for coating based on its performance.
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Abstrak
Kajian ini membentangkan pengaruh pelbagai paramater lapisan (coating)
elastik pada substrat elastik-plastik di bawah keadaan kuasi-statik dengan
menggunakan kaedah unsur terhingga (FEM). Konfigurasi silinder atas plat
rata tertakluk kepada bebanan normal dan tangen dikaji. Dua jenis bahan
aeroengine, iaitu aloi-aloi Ti-6Al-4V dan Super CMV (Cr-Mo-V) dikaji dalam
analisis ini. Antara sifat mekanikal lapisan yang dikaji ialah beban digunakan
(500 N − 1000 N), amplitud anjakan (0.005 mm − 0.12 mm), pekali geseran
(COF) (0.3 − 0.9), modulus elastik (100 GPa − 400 GPa) dan ketebalan lapisan
0.01 mm − 0.1 mm). Kesan parameter lapisan pada tegasan-terikan bersama
dengan deformasi plastik substrat dinilai. Model FE tanpa lapisan disahkan
dengan teori Hertzian contact manakala model FE dengan lapisan disahkan
dengan penyelidikan sebelum ini. Evolusi tekanan contact, tekanan von Mises,
ketegangan plastik, tegasan tangen dan profil permukaan dikaji mengikut
pelbagai parameter lapisan dan bahan substrat. Didapati satu trend yang
meningkat pada tegasan-terikan bersama dengan deformasi plastik, pile-up dan
depth-in maksima dengan peningkatan kesemua parameter pada kedua-dua
substrat (kecuali untuk paramater ketebalan lapisan pada Super CMV). Pekali
geseran bertindak sebagai parameter yang jelas menyebabkan deformasi plastik.
Hasil kajian juga menunjukkan bahawa kekuatan yield yang lebih tinggi pada
aloi Super CMV berbanding dengan aloi Ti-6Al-4V menyebabkan deformasi
plastik yang minima. Seterusnya, ungkapan matematik (mathematical
expression) diperolehi dengan menggunakan interpolasi multivariat Lagrange
berdasarkan deformasi plastik pada substrat melalui simulasi. Ungkapan
matematik yang dihasilkan boleh digunakan sebagai pendekatan alternatif
untuk menggantikan teknik analisis kaedah unsur terhingga. Selain itu, kaedah
pemarkahan wajaran (weighted scoring method) digunapakai dalam pendekatan
pemilihan lapisan berdasarkan deformasi plastik. Pendekatan pemilihan ini
boleh menyumbang kepada pengetahuan dalam pemilihan bahan yang sesuai
untuk lapisan berdasarkan prestasinya.
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Chapter 1
Introduction
Contact mechanics is concerned as the study of solid deformation when two
bodies (surfaces) are touching and interacting with each other at one or more
points. Mechanics of contact is deliberated as an essential subject because most
of the engineering applications deal with it consequently. Contact mechanics
offers an interesting, yet challenging research subject as it can lead to failure
effect on contacting materials such as plastic deformation, fracture, fatigue,
wear and others. Obviously, the contact failure can be significant and able to
develop under corrosive, erosive, high temperature and heavy contact
environment.
In the recent decades, minimizing contact failure on contacting bodies is
considered to be a major concern, especially in safety engineering as contact
mechanics failure can result in costly flaws and fatality. So, the knowledge in
protecting contacting bodies from failure is very crucial, thus advances in
reducing contact mechanics failure need to be studied extensively. One of the
most competent approach to protect contact engineering components is by
coating application. A coating can be defined as a covering that is applied on
the surface of a body which referred as the substrate. Coating widely used for
decorative, functional or both purposes.
The coating purpose broadly noticeable in engineering applications such
as manufacturing, automotive and aeroengine industries in order to minimize
contact damage which will extend the operational life of components.
Interestingly, as coating offers the first line of defence to the underlying
substrate, it is vital to study the coating architecture along with
coating-substrate failure mechanism to prolong the contacting components
lifetime. So, the application of appropriate coatings will contribute in reducing
2the major economic loss by protecting contacting components from any failure.
1.1 Research Background
Recent developments of coating application in contact mechanics have led to a
renewed interest in coating selection. In addition, coatings are generally used to
provide protection for surfaces that subjected to contact loading, i.e. piston
rings, bearings, machine tools, cams and followers (Oliveira & Bower, 1996).
Coating approach is practised in order to alter the surface properties of a
substrate such as wettability, wear resistance, adhesion or corrosion resistance.
For instance, thermal barrier coating is applied in gas turbine engines to guard
components from thermal shock; hard and corrosion resistant coatings are
applied on machining and drilling tools to protect the components from friction,
wear and fretting damage; in medical devices or implants coating offers wear
resistance, chemical durability and biocompatibility (Demidova et al., 2012).
Failure of the coating or substrate is a major concern in coated
engineering applications. Obviously, the deterioration of coated substrate can
be associated with the failure of coating itself or the substrate deformation
(Mohd Tobi et al., 2013). It appears from the aforementioned studies that most
attention has been paid to contact mechanics of different coating/substrate
composites (Komvopoulos, 1989; Gupta & Walowit, 1974; Weppelmann &
Swain, 1996). Hard elastic coatings are suitable solutions to enhance surface
performance and improving endurance life of contact components. Most hard
coatings are made up of ceramic compounds such as nitrides, carbides, cermets,
ceramic alloys and metastable materials like cubic boron nitride and diamond.
According prior evidence, hard elastic coating are considered as a great
choice in providing protection for substrate that are subjected to contact loading
as this type of coating capable to reduce friction due to contact stresses. In
addition, various failure mechanism of hard coated surface such as delamination,
thickness cracking, coating buckling, spallation and substrate plastic deformation
are observed and studied by previous researchers (Demidova et al., 2012; Bull &
G-Berasetegui, 2006). A number of studies investigating coated contact subjected
to normal and tangential loading by FE simulations proved that the stresses
within the layer varied with the coating thickness and elastic mismatch level
(Holmberg et al., 2006; Mohd Tobi et al., 2011; Zhao et al., 2011). Holmberg
et al. (2006) carried out a numerical study of 3D scratch test on TiN coated
steel substrate under elastic-plastic deformation and compared with experimental
studies where the first crack observed is associated with tensile and bending
stresses at coating surface as scratched by the indenter.
3Michler & Blank (2001) studied the coating fracture and substrate
plasticity induced by the spherical indenter; their analysis revealed that the
initial damage of coated substrate system is noticed to occur by plastic
deformation of substrate or below the interface. This is consistent with the
experimental and numerical study on spherical indentations of coating-substrate
system demonstrated by Kot et al. (2013), which showed that coated substrate
damage initiated as substrate elastic-plastic deformation followed by plastic
deformation and finally fracture of coating.
Titanium alloy (Ti-6Al-4V) and high strength steel Super CMV
(Cr-Mo-V) are the materials which show high interest on coating utilization due
to their wide application in various field. Interestingly, Ti-6Al-4V and Super
CMV alloys had been investigated by several researchers because of their high
strength, ductility, excellent corrosion and fatigue resistance characteristics
along with their extensive application in aeroengines and gas turbines (Ford,
1997; McColl et al., 2004; Tobi et al., 2009; Hyde, 2002). Besides that, coating
utilization on Ti-6Al-4V and Super CMV alloys is necessary as both are
aeroengine specific materials where potentially can experience contact damages
such as in the spline coupling (Leen et al., 2002) and the dovetail fan blade joint
(Ciavarella & Demelio, 2001; Rajasekaran & Nowell, 2006).
So, appropriate surface coating selection will be able to contribute on
improving reliability and lifetime of these contact components. Previous studies
have been primarily concentrated on coating failures such as coating brittle
fracture, through thickness cracking, spallation, delamination coating buckling
and others (Bull & G-Berasetegui, 2006; Bull, 1991; Mohd Tobi et al., 2013).
However, studies related to substrate failure are relatively scanty and there has
been limited investigation on substrate plastic deformation. In addition,
substrate plastic deformation occurs before any other failure triggers in coated
substrate system (Zheng & Sridhar, 2006).
Obviously, substrate plastic deformation can develop without the coating
failure but this phenomena has not yet received much attention as only limited
study focused on this particular type of failure. In the present study, the
influence of coating mechanical properties on substrate plastic deformation
under quasi-static condition is focused. Comprehensive numerical analysis is
conducted to examine the stress-strain distributions along with plastic
deformation of coated substrate subjected to normal and tangential loading. In
addition, plastic deformation mathematical expression is formulated by
considering FE equivalent plastic strain data. Last but not least, coating
selection tool considering coated substrate plastic deformation is developed.
41.2 Problem Statement
Generally, the awareness on the contacting components safety design and its
protection is a concern in minimizing costly flaws and human safety in various
engineering field. It may however be noted that rigorous study can be done
to reduce potential danger of coated contact components failure due to plastic
deformation of the substrate. In the future, coating need to be designed in order
to withstand substrate plastic deformation. It should be noted that there is still
shortage of systematic studies on the effect of mechanical properties of coating
on substrate plasticity.
Substrate plastic deformation failure should get an insight as the initial
coated substrate system failure maps occur by substrate yield (Michler & Blank,
2001). Sooner or later, the substrate plastic deformation will cause failure on the
coating surface which acts as first line of defence for a coated substrate system
(Kot et al., 2013). In addition, coating selection based on substrate yield for
specific applications is a complicated task due to many factors such as applied
external load, sliding displacement amplitude, contact friction coefficient coating
material and thickness should be taken into consideration.
For time being, most of the coating selection with the aim of minimising
substrate plasticity is done by trial and error basis which might lead to costly
flaws and degrade the sustainability of the industry. In particular, Finite
Element approach should be practised in predicting substrate plastic
deformation which will aid in coating selection as this method is an effective
tool in determining stress-strain field in coated substrate system. Besides that,
the understanding on coating selection and purpose should be polished as lack
of fundamental understanding in term of coated substrate mechanics analysis.
Furthermore, a comprehensive guide for coating design based on the plastic
deformation of Ti-6Al-4V and Super CMV alloys has not yet been established.
Hence, protecting these materials from plasticity by proper coating
selection often necessary because of their wide application in engineering fields,
i.e. aeroengine specific, armour plating, spacecraft, naval ships, missiles, high
performance automotive parts, medical devices and industrial machines.
1.3 Research Objectives
The purpose of this research are as follows :
(a) To evaluate the influence of coating mechanical properties, i.e. normal
loading, sliding displacement amplitude, friction coefficient, elastic
5modulus of coating and coating thickness on stress-strain distributions
along with plastic deformation response of coated substrate subjected to
contact loading.
(b) To formulate mathematical expressions based on numerical plastic strain
results of coated substrate system verified in numerical problem cases.
(c) To verify an effective coating selection tool based on the substrate plastic
deformation.
1.4 Research Scopes and Limitations
The scopes and limitations of the study are designed to achieve the goals of the
research. Hence, the scopes and limitations for this research are as follows :
(a) Modelling two dimensional (2D) cylinder-on-flat contact configurations
using coated aeroengine specific materials made of Titanium alloy
(Ti-6Al-4V) and high strength steel Super CMV (Cr-Mo-V).
(b) Studying concerned variables of different coating mechanical properties,
i.e. applied external load, sliding displacement amplitude, contact friction
coefficient, coating material and thickness and their influence on
stress-strain behaviour along with plastic deformation of the coated
substrate..
(c) Modelling perfectly bonded elastic coating on elastic-plastic substrate
subjected to contact loading with three steps, i.e loading, sliding and
unloading without any slippage and delamination occur at the interface
region.
(d) Fracture mechanics concept is not implemented as the coating assumed to
withstand higher compressive and tensile forces.
(e) Coating debonding due to unloading, thermal stress and strain rate effects
are not considered in this particular study.
(f) Formulating plastic deformation mathematical expressions based on
numerical plastic strain results by using multivariate variable technique.
(g) Verifying an effective coating selection tool using weighted scoring approach.
61.5 Research Significance
The contribution of this study is obvious as the resulting outcomes can be
capitalized as guidelines to evaluate contacting coated substrate mechanics and
the failure associated by substrate plastic deformation thorough the
implementation of numerical analysis. The uniqueness of this research will be
an advancement in the fundamental understanding of coating selection based on
substrate yielding in engineering applications. In addition, the long term
implications of this study will benefit multi-billion industries which deals with
hard elastic coating usage on ductile substrate by proper coating selection to
protect materials from plastic deformation, thus sustainability of the industry is
guaranteed.
Since there has been a significant rise on aerospace industry all over the
world, this study will lend a hand in the growth of technology in aerospace
industry. Besides that, Malaysian government has planned to invest RM177
million by year 2020 in local aerospace company named Strand Aerospace
Malaysia Sdn. Bhd. under the Economic Transformation Plan in order to
improve human capital for High Value Engineering Services. So, the findings of
this study will improve performances and reducing maintenance cost of
aeroengine components via proper coating selection as aeroengine specific
materials i.e. Ti-6Al-4V and Super CMV alloys are focused in this particular
research. In addition, the benefaction of this study to our knowledge is not only
in addressing the view point in academics but also assist in nation economic
development especially, Human Capital Development in infrastructure.
The current research will contribute to our knowledge by addressing three
important issues as follows :
(a) The influence of coating mechanical properties on stress-strain
distributions along with plastic deformation response of coated substrate
can be studied in detail. Thus, any failure associated by coated substrate
plastic deformation can be prevented and life time of coated contacting
components prolonged.
(b) Verified mathematical expressions according to Multivariate lagrange
interpolation concerning coating parameters and substrate materials.
These mathematical expressions can be used to predict equivalent plastic
strain of coated substrates with high accuracy results without requiring
any expensive computational time.
(c) An effective coating selection tool based on the substrate plastic
deformation will be provided. The coating selection tool will act as a
7guideline for proper coating selection by comparing and identifying
suitable coating according to substrate material and working conditions.
1.6 Thesis Organisation
The outline of thesis is given below :
Chapter 1 contains the research background, problem statement, objectives,
scopes and significance of the research. In addition, a brief introduction is
given by addressing the motivation and importance of the study.
Chapter 2 reviews pertinent literatures on the understanding of stress-strain,
plastic deformation mechanism, finite element analysis, coating-substrate
failure and coating selection in the study of coated substrate plastic
deformation prediction for coating selection tool.
Chapter 3 outlines the numerical methodology using explicit finite element
approach pursued with different mechanical coating properties. The
approach of formulating mathematical expressions and verifying coating
selection tool is focussed.
Chapter 4 provides verification and validation of numerical model with
analytical solution and previous research results. The numerical result of
stress-strain distributions along with plastic deformation of coated
substrate is studied in detail. The mathematical expressions based on
numerical plastic strain results of coated substrate system are formulated
based on Lagrange multivariate interpolation and an effective coating
selection tool is verified using weighted scoring method.
Chapter 5 offers the conclusions for this particular work. The recommendation
for coating selection based on substrate plastic deformation is discussed.
Chapter 2
Literature Review
2.1 Contact mechanics
The study of solid deformation where it touches each other at one or more than
one points is referred as contact mechanics. A contact is said to be occurred if:
• Mechanical interaction of bodies along surfaces
• Surfaces should “touch”
• Occurrence of force pressing two bodies
• Contact area rely on materials, forces, temperature and geometry.
Generally, contact concern both elastic and plastic strain ranges beneath
asperities (Ludema, 1996). Contact mechanics also distinguish between
conforming and non-conforming contacts. When the surfaces of two bodies fit
closely without deformation, then the contact is said to be conforming, while
bodies which have contradictory profiles are considered to be non-conforming
(Johnson & Johnson, 1987). Virtually, each and every movement in this planet
related with contact and friction such as running, walking, driving cars or
streaming of trains (Wriggers & Laursen, 2006). The base aspects that taken
into account in the contact mechanics topic are normal direction, frictional
stress acting tangentially between surfaces and the adhesion or pressure which
acting perpendicularly to the contacting body surfaces.
The surface contact points which can be seen widely in engineering
practice often execute complex motions which addressed to transmit both forces
and moments (Johnson & Johnson, 1987). In addition, contact mechanics is
foundational to the mechanical engineering field as it provides proper
9information for the safe and energy efficient design of technical system for
tribology study. The area of interest in contact mechanics are normal contact of
elastic and inelastic solids, tangential loading and sliding contact, rolling
contact of elastic and inelastic bodies, calendering and lubrication, dynamic
effects and impact, thermoelastic contact and rough surface contact.
2.1.1 Tribology
Tribology is defined as science and engineering of contacting surfaces in relative
motion. It comprises the study and application of the fundamental of friction,
lubrication and wear. Tribology is the ’Ology’ or science of ’Triben’ where the
word is originated from the Greek root known as ’Tribulation’. A direct
translation defines Tribology as the study of rubbing and sliding. The modern
and expanded meaning of tribology known as the study of friction, lubrication
and wear (Ludema, 1996). In addition, tribology is a crucial aspect as the
movement of one solid surface on another is fundamentally essential to the
operation of many mechanisms such as natural and artificial (Hutchings, 1992).
Tribology research and development benefit mankind in many ways such as
quality, raw material savings, economical savings, energy savings, environmental
and health factors.
For instance, in automotive industries the minimization in the
mechanical losses because of effective tribology around 10 % could reduce the
fuel consumption as 1.5 % equivalent to 340 litre of petrol during the lifetime of
the car (Tzanakis et al., 2012). Obviously, tribology plays a pivotal role in
manufacturing to analyse and solve the costly flaws due to friction and wear in
industries.
2.1.2 Friction
Friction is a force which known as the resistance encountered by one moving
body on another body (Hutchings, 1992). In addition, friction also can be
defined as a force which resists sliding where it described in term of coefficient
and mostly assumed as constant and specific to each material (Ludema, 1996).
This wide definition embraces two major classes of relative motion such as
sliding and rolling. Figure 2.1 presents in both ideal sliding and rolling the
presence of tangential force is required to translate the upper body over a static
counter face. The ratio of frictional force and normal force is established as the
friction coefficient µ. The law of friction are stated as follows:
• the friction force is proportional to the normal load
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• friction force is independent of the apparent contact area
• friction force is independent of the sliding velocity
Amontons equation states that frictional force described as F = µW where
static friction or kinetic friction coefficient is stated as µ while the normal load
as W (Bhushan & Gupta, 1991). Frictional contacts can be classified into few
classes such as force transmitting components, energy absorption-controlling
components, quality control components and low friction components (Ludema,
1996).
Figure 2.1: A frictional force,F is needed to cause motion rolling and sliding
(Ludema, 1996)
2.1.3 Hertzian elastic contact
There are two types of Hertzian elastic contact, i.e. conforming contact and
non-conforming contact. Conforming contact is considered as a contact where
two mating bodies touch exactly each other without any deformation (Johnson
& Johnson, 1987). Journal bearing and a flat slider bearing are the examples of
conforming contacts. Meanwhile, two bodies with various profiles are said to be
non-conforming. When two non-conforming solids are in contact, the occurrence
of deformation around their initial point of contact under the existence of load
is takes place (Johnson & Johnson, 1987). A theory of contact is necessary to
forecast the shape of contacting area and how it will transform if the applied load
is rising. There are some assumptions in the Hertzian theory to formulate the
calculation is valid. This particular type of contact is well displayed in Figure 2.2.
The assumptions are as follows:
• The surfaces are continuous and non-conforming: a ≤ R
• The strains are minimum.
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• The surfaces are friction free: qx = qy = 0
• Each solid can be considered as an elastic half-space: a ≤ R1,2, a ≤ l
Where the major dimension of the contact area, R is the relative radius of
curvature and l is the significant of the bodies both literally and in depth.
Figure 2.2: Hertzian non-conforming contact (Johnson & Johnson, 1987)
2.2 Stress-strain relations
Components which are widely used in engineering applications made up of
different dimensions and complicated geometry which results in load that vary
strongly all over the component. Plasticity theory considered as a branch of
mechanics that involves with the calculation of plastic strain and stress
distribution of a body, commonly a ductile material which deformed
permanently when force is applied (Chakrabarty, 2006). A Stress-strain curves
normally describes the elastic-plastic behaviour of a material. The stress-strain
curve of different material will vary according to the material classes as shown
in Figure 2.3 (Roesler et al., 2007).
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Figure 2.3: Different material stress-strain response (Roesler et al., 2007)
Studies have found that a material can exhibit two types of of
deformation such as elastic and plastic deformation respectively. Elastic
deformation can be defined as the recovering of a loaded material to its original
state upon complete unloading and the stress and strain are directly
proportional to each other (Gurtin, 1973; Hibbeler, 2011). Figure 2.4 illustrates
the stress-strain relation during elastic deformation. The stress-strain growth
shows a linear trend which known as linear elastic deformation. Eq. (2.1) is used
to calculate the elastic modulus, E of a material based on the stress-strain
curve. The elastic modulus, E corresponds to the particular proportionality
constant between stress and strain. The elastic modulus, E is obtained from the
slope of the elastic deformation linear curve.
E = σ
ε
= σb − σa
εb − εa (2.1)
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Figure 2.4: Elastic deformation stress-strain relationship (Hibbeler, 2011)
Meanwhile, the plastic deformation is different from the elastic
deformation where the loaded material does not recover to the initial position
upon complete unloading (Prevost, 1985; Hibbeler, 2011). This leads to the
deformation is permanent. The initiation of plastic strain can lead to large
deformation when small amount of stress is induced and this will cause further
yielding until the material failure. The point where permanent deformation
begins to occur known as Yield stress, σy. Figure 2.5 demonstrates the response
of stress-strain during elastic-plastic deformation. It is noted that plastic strain,
εp is significant than the elastic strain, εe. The total deformation of a material,
εx is the resultant of the plastic strain, εp and elastic strain, εe.
Eq. (2.2) presents the stress-strain curve in terms of the Ramberg-Osgood
expression. Eq. (2.2) is originally developed for non-linear metals which encounter
yielding and plastic strain. It involves the initial Young’s modulus (E0), the proof
stress (σp) corresponding to the plastic strain (p) and (n) which determines the
strain hardening of the stress-strain curve.
ε = σ
E0
+ p
(
σ
σp
)n
(2.2)
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Figure 2.5: Elastic-plastic deformation stress-strain relationship (Hibbeler, 2011)
Numerous studies have attempted to explain the stress-strain behaviour
of ductile materials (Dieter & Bacon, 1986; Hibbeler, 2011). Figure 2.6 presents
the stress-strain diagram for ductile material especially steel. Based on the
Figure 2.6, it is noted that there are 4 types of region in a stress-strain diagram
for ductile material, namely elastic region, yielding region, strain hardening
region and necking region. The material behaves differently depending on the
induced strain amount. In addition, the composition of the material, loading
rate, temperature, microscopic imperfection and test time affect the stress-strain
behaviour of a material (Hibbeler, 2011; Kienzler & Herrmann, 2012).
Elastic behaviour of the material is occur at the elastic region as shown
in Figure 2.6. The behaviour of this particular region is consistent with the
Figure 2.4 as discussed earlier. In this region, the stress is proportional to the
strain and the material is said to be linear elastic. The proportional limit, σpl is
defined as the upper stress limit of the linear elastic straight line. Once the stress
exceeds the proportional limit, σpl it reaches the elastic limit. Upon achieving this
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particular point, the material tend to return to its initial shape upon complete
unloading. In fact, elastic limit rarely determined for steel since it is very close to
the proportional limit, σpl and very difficult to detect (Hibbeler, 2011; Kienzler
& Herrmann, 2012).
A slight advancement in stress which exceeds the elastic limit will lead to
material breakdown and permanent deformation; such a behaviour is called as
material yielding which lead to plastic deformation. Yield stress or yield point, σy
is the critical stress that causes material yielding. The material will continuously
elongate (strain) without any increment in load as exhibited in Figure 2.6 and this
state often referred as perfectly plastic (Hibbeler, 2011; Kienzler & Herrmann,
2012).
Once the material achieved complete yielding, then an increment in load
can be withstand by that particular material. This is mainly due to curve that
increases continuously until reach the the maximum stress known as the ultimate
stress, σu. The increment in such a manner is referred as strain hardening as
depicted in Figure 2.6 (Hibbeler, 2011; Kienzler & Herrmann, 2012).
Last but not least, the necking region is where the material elongates as the
stress exceeds the ultimate stress, σu. In deed, such a case will result in decreasing
of cross-sectional area in a localized region of the material. Thus, constriction
or ’neck’ is formed as the material further elongates and finally break at fracture
stress, σf as shown in Figure 2.6 (Hibbeler, 2011; Kienzler & Herrmann, 2012).
Figure 2.6: Stress-strain diagram for ductile material (steel) (Hibbeler, 2011)
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2.3 Plasticity
Plasticity can be defined as deformation of a material which undergoing
permanent change or non-reversible response due to applied force. Most of the
real materials will experience some permanent deformation, which
non-reversible after elimination of the load or force. Normally, major permanent
deformations happen when stress achieves some critical value, known as yield
stress which is a material property. Classical theory of plasticity states that
initially materials deform elastically and deform plastically when reaching the
yield stress. Perfect plasticity can occur as material undergo an irreversible
deformation without any increment in stress due to load.
It is noted that the accumulation of the plasticity by ratcheting can
cause exhaustion of ductility which induced to cracks and delamination wear
(Mohd Tobi et al., 2013). As shown in Figure 2.7, the occurrence of global
surface shear plasticity shows higher wear regime meanwhile, local asperity
plasticity shows lower wear regime (Fouvry et al., 2001). Discontinues of
velocity and large deformation makes plasticity problems difficult to resolve
analytically than elastic problems (Yin & Komvopoulos, 2012).
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Figure 2.7: Relationship between shakedown behaviour and wear rate under
repeated sliding condition (Fouvry et al., 2001)
2.3.1 Plastic deformation mechanism
There are two noticeable mechanism of plastic deformation such as slip and
twinning. Slip considered as prominent mechanism of plastic deformation in
metal. The blocks of crystal slide over each other along the definite
crystallographic planes which named as slip planes. It is compulsory that large
scale of slipping of adjacent atomic plane (more than half atomic spacing) must
occur to cause plastic deformation. It is equivalent to a deck of cards pushed
from one end as slip happens when applied shear stress greater than a critical
value.
The crystal lattice structure remains same during slipping process,
meanwhile there is modifications in atoms relative position as shown in
Figure 2.8 (Lal & Reddy, 2009). The structure of each lattice has definite slip
planes and direction laterally where slipping can take place. By the way,
slipping occur more freely along the planes at closely packed atoms. Figure 2.9
shows face centred cubic, hexagonal close pack and body centred cubic
structure.
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Twinning can be termed as a portion of crystal follows an orientation
which is related to the orientation of remaining untwinned lattice in a definite,
symmetrical way. The twinned part of the crystal can be considered as reflective
(mirror) image of parent crystal. The symmetry plane is known as twinning plane.
The chief role of twinning in plastic deformation is it acts as a root in changing the
plane orientation to cause advancement in slip. Figure 2.10 illustrates twinning
process results in atoms dislocation (Lal & Reddy, 2009).
Figure 2.8: Deformation process by slip; (a) undeformed, (b) elastically deformed
(c) elastically and plastically deformed, (d) plastically deformed (Lal
& Reddy, 2009)
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Figure 2.9: Most closely packed atoms in (a) ace-centred cubic, (b) hexagonal
close packed and (c) body centred cubic cell structures (Lal & Reddy,
2009)
Figure 2.10: Twinning process (Lal & Reddy, 2009)
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2.3.2 Plasticity work hardening
Work hardening can be defined as material strengthening due to plastic
deformation. Work hardening also can prevent the nucleation of more new
dislocations. The material strengthening can act as a resistance to the
dislocation formation, hence plastic deformation can be minimised. In metallic
crystals, permanent deformation is typically carried out on a microscopic scale
by imperfections named dislocations, which usually formed by local stress field
fluctuations in the particular material resulting in rearrangement of lattice due
to propagation of dislocations over the lattice. Annealing process annihilates
the dislocations at room temperature.
In addition, the interaction of dislocations with one another leads to
accumulation and act as obstacles which significantly obstruct their motion.
Thus, the yield strength of the material is improved and successive decreases in
ductility. The yield surface for hardening materials can develop in space by
three ways such as isotropic hardening, kinematic hardening and combined
isotropic-kinematic hardening.
Isotropic hardening
The first type of plasticity hardening is known as isotropic hardening. For this
particular hardening the yield surface grows bigger in size meanwhile the centre
remains at fixed position in the stress space as shown in Figure 2.11. For isotropic
hardening, if plastically deform a solid, then unload it, then try to reload it again,
its yield stress (or elastic limit) would have increased compared to what it was
in the first cycle (Rees, 2012). Again, when the solid is unloaded and reloaded,
yield stress (or elastic limit) further increases. as long as it is reloaded past its
previously reached maximum stress. This advances until a stage (or a cycle) is
reached that the solid deforms elastically throughout this isotropic hardening.
Besides that, if the yield stress in tension increases due to hardening the
compression yield stress grows the same amount even though you might not
have been loading the specimen in compression. This type of hardening widely
practised in mathematical models for finite element analysis to describe plasticity
although it is not exhibit real material characteristics.
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Figure 2.11: Isotropic hardening yield surface (Rees, 2012)
Kinematic hardening
Kinematic hardening is the second type of plasticity hardening. Unlike isotropic
hardening, the centre of the yield surface translates in stress space, while the
yield surface size remains fixed in this hardening as illustrated in Figure 2.12. In
order to model the Bauschinger effect and similar responses, where a hardening
in tension will lead to a softening in a subsequent compression, one can use the
kinematic hardening rule (Rees, 2012; Chaboche, 1991). The Bauschinger effect
refers to a property of materials where the material’s stress/strain characteristics
change as a result of the microscopic stress distribution of the material.
For example, an increase in tensile yield strength occurs at the expense
of compressive yield strength. This is where the yield surface remains the same
shape and size but merely translates in stress space. The law of evolution for this
model comprises of kinematic hardening component which describes the yield
surface translation in stress space via the back stress, α.
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Figure 2.12: Kinematic hardening yield surface (Rees, 2012)
Combined isotropic-kinematic hardening
The third type of yield surface evolution is known as combined
isotropic-kinematic hardening where both isotropic and kinematic hardening
properties are present (Axelsson & Samuelsson, 1979; Bathe & Montáns, 2004).
In the combined isotropic-kinematic hardening, yield surface orientation might
change as well. Although isotropic hardening is the most common form of yield
surface evolution utilized in FE models for plastic deformation simulation, it is
not necessarily the most accurate (Eterovic & Bathe, 1990). The combined
isotropic-kinematic hardening model can considered as the most accurate from
the three types of hardening models.
This hardening model consists of two components which are kinematic
hardening component and isotropic hardening component. The non-linear
kinematic hardening component explains the yield surface translation in stress
space via the back stress. The isotropic hardening component explains the
transformations of the equivalent stress defining the size of the yield surface as a
function of plastic deformation. Combined isotropic-kinematic hardening will
demonstrate the real material characteristics as it displaying both isotropic and
kinematic hardening behaviour (Kang, 2010).
Wear
Wear can be defined as the process of material removal from one or both solid
surfaces which are in contact due to sliding or rolling on each other (Bhushan &
Gupta, 1991). The removal rate in wear is slow but continuous and steady. In
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addition, wear mechanism can be classified as mechanical, chemical and thermal
wear while wear modes classified as abrasive, adhesive, flow and fatigue wear
(Stachowiak, 2006). The process of deformation and fracturing is considered as
mechanical wear, where the deformation process takes place in ductile material
and fracture occur in brittle materials.
Wear occurs almost in every components and devices including teeth and
bone joints, piston rings, roads, tires, dirt seals, brakes, liquid seals, belts, floor,
fabrics, shoes, electrical contacts, CD reader heads, cannon barrels, dies, rolling
mills, forgings, conveyors, ore crushers, home appliances, door hinges, zippers,
saws, drills, pump impellers, razor blades, pipe bends, valve seats, erasers,
plastic moulding screw and others as well (Ludema, 1996). Basically, yielding
and plastic deformation will lead to wear of material as shown in Figure 2.13
(Tobi et al., 2009). An attention should be given in minimising plastic
deformation of material in order to protect the material from wear, thus can
prolong the lifetime of engineering components.
Figure 2.13: Process of delamination wear mechanism (Tobi et al., 2009)
Generally, plastic deformation and wear should be eliminated or reduced
to ensure efficiency of materials or machinery in order to enhance its performance.
There are some plastic deformation and wear reduction steps such as:
• Retain low contact pressure
• Retain low sliding speed
• Retain smooth bearing surface
• Avoid high temperature
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• Usage of hard materials
• Ensure low friction coefficient
• Apply a lubricant/coating
2.4 Coating and Substrate
Coating can be referred as a covering that is applied on the surface of an object
or substrate as shown in Figure 2.14. Coating can be used for decorative
purposes, functional purposes or sometimes both. Coating which covering the
substrate completely is known as all-over coating while some coatings only cover
certain part of the substrate. The major purpose of coating is to alter the
component’s surface properties to ensure substrate material bulk characteristics
can be exploited when unsupportable situation occurs (Strawbridge & Evans,
1995). Obviously, coatings are widely used in engineering applications
especially, manufacturing, automotive and aeroengine industries in order to
reduce friction, increase resistance of plastic deformation and wear on contact
surfaces (Mohd Tobi et al., 2013). There are few type of coatings that widely
used such as surface welding coatings, thermal spraying coatings, electro
deposition coatings, plastic coatings, physical and chemical vapour deposition
coatings.
A substrate is known as a primary or underlying substance or layer as
shown in Figure 2.14. Normally, substrate is surface of an object where other
materials for instance, coating, ink, paint or treatment are enforced. Moreover,
a substrate also can be defined as medium or solid substance where another
substance is applied where the adherence of second substance occurs. Generally,
the purpose of the coating is to protect the surface of the substrate to maximise
life time of the substrate.
Figure 2.14: Coated substrate illustration
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